
l. Introduction

One of the most common cell configuration for
electron drift velocity measurements in swarm ex-
periments is the "parallel-plate chamber". Here,
two flat, parallel and, usually, circuiar electrodes are
spaced by a known distance, d. A constant voltage is

applied to the electrodes. Electrons injected into the
drilt space drift through the filling gas under the
influence of the electric field from the negative
electrode (the emitter) to the positive one (the

collector). This is usually kept at a potential close to
ground potential and the measuring apparatus is

connected to it. If the density of the injected
electrons is small enough to neglect space-charge
effects and if the electrons are released far enough
from the electrodes boundaries so that they move in
a very uniform field, it can be assumed that the

electrons drift at constant speed. The induced cur-
rent flowing in the external circuit or the charge
induced on the collector can be calculated either by
applying the energy conservation principle [1 -4] or
by applying Green's reciprocation theorem [5-9].

In the first case, the induced current is given by

I: q(E/Vùu,
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where 4 is the moving charge, E is the electric field
acting upon the charge, Ze is the applied constant
voltage and r is the drift velocity. E/26 depends
only on the cell geometry and for parallel plate
electrodes E/V0: d-r, where d is the drift distance.
So, lturns out to be a constant : q/t,wherer is the
drift time or time-of-flight. By feeding the current .I

into a capacitor C, the voltage across it is simply
given by

l'. a Iv(t):;lt(r'ldr': ^-. (2)('ó C t
For negative charges, Z(l) decreases linearly with
time until the whole injected charge is collected.

In the second case, Green's reciprocation theorem
immediately gives the total induced charge on the
collector, which for the parallel plate configuration
turns out to be directly proportional to the moving
charge distance lrom the emitter:

Q":-q(1*x/5, (3)

where x is the distance of the charge from the
collector. So, if the charge drifts at constant speed,
the current drawn from the external circuit to build
up the necessary charge on the electrodes is con-
stant, too. Also in this case the voltage drop across
the measuring capacitor turns out to be a linear
function of time. In either way, the transit time of
the electron swarm can be accurately determined
from an extrapolation of the linearly changing
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.'i d1. Electron Drilt Velocity Measurements

.:l: ,.:', 3iorm to lind the start and end points of
'. r :-.:r:l:llotion in the drift space [10].
:-::-. -,-..rementroned methods are based on the

rn of field unilormity and on the under-
nùthesis that the electric flux originating in
:n_r cl.rarge is completely linked with the

::e.. In fact. only in this case the total induced
i,:rì3 on the electrodes does equal the absolute

,,. --: ..i the inducing charge, and the induced
-.-,'_:3 e\olutron on the collector foliows a linear
: i J3pendence. However, there is not yet any

---.:.::.ltive suggestion on how far apart and how
, :: ',-'ith respect to their distance the electrodes
: ; ,o be in order to satisfy the previously cited

'i ^:t:tions. It is normally accepted that they must
. -,. large as possible to obtain a good lield' 

='iin and that the addition of a guard ring,
: - . ,:: about the same potential as the coilector and
.:'. sutrounding it, greatly improves this uni-

- ...:i [11]. Unfortunately, it is not always possible

-',,,\e a cel1 lollowing these criteria, particularly
::-.: erperiments are made with high-mobility

:-. rils in highly pressurized gases. An accurate

:.::-.r3neflt of the drift time requires then a large
- :rstance. while a maximum electrode radius
. - . be exceeded in order to avoid large mechan-

-,, ì:risses on the celi walis. In this situation, it
':. if,ppen that the electrons released from the
-:'. .3i are not far enough from the coilector

--;:ries. so that a finite fraction of the electric

-.',. :. lrnked with the guard ring and V(t) diflers
- :: r straight 1ine. A good determination of the

., rime is. however, still possible if the finite
-.--..iion ol the electron injection and the electron

-. -.sion and attachment processes can be

=-=,:cted. In fact, under such assumptions the

:.rnning and the end of the voltage waveform are

::::plr' defined. Unfortunately, these effects round

::. the edges of the voltage ramp and therefore the

:::rÌ time must be determined by the previously

--'.rtlined procedure with an accuracy which gets
',,. ùr,ie as the curvature of V(t) grows larger.

C1ea11,v. one expects that the deviations from
,:nearitl' become larger as the collector radius be-

,-rrmes sm&ller, but up to now there are no quan-

rirative evaluations of these effects. There are only

s-alculations to ascertain the edge effects on the

'-har-qe 
induced on the collector of a semi-infinite

paraliel piate chamber when the inducing charge is

released near the straight, indefinitely long bound-
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ary line [a]. We have therefore performed numerical
calculations to predict the shape of the voltage
signal for dilferent values of R/d, where À is the
collector radius. To compare these calculations with
the experiment, we have constructed and operated a

simple parallel plate cylindrical drift cell in which
the collector radius and the drift distance can be

easily varied. The experimental and numerical
results agree very well, thus allowing us to give a

quantitative lower limit for the ratio R/d which
makes the edge ellects negligible.

In Sect. 2 the experimental cell and the electrical
circuitry are described; in Sect. 3 the mathematical
problem to calculate the instantaneous induced
charge on a fìnite size collector is set out and the
numerical calculation details are exposed. In Sect. 4

the numerical and experimental results are quoted
and compared. Finaily, in Sect. 5 the conclusions are
drawn.

2. The Experimental Apparatus and Procedure

The experimental cell and the measuring elec-

tronics are depicted in Figure 1.

The two gold-coated brass electrodes are con-
tained in a cylindrical brass cell. The upper eiec-

trode has a diameter of 75 mm and it is suspended
from the upper flange by means of four PVC
spacers. The central portion of this electrode has a
seat for an UV-grade fused silica disk (2.5 cm
diameter. 1 mm thickness) with the iower face
coated with a 200,À thick Au film. The silica disk is

pressed onto the electrode by a Viton O-ring to
provide a good electrical contact for the gold film.
A circular window (4 mm diameter) in the seat

a11ows electrons to be emitted from the gold film
when it is irradiated from the back with UV light
by a pulsed low power Xenon flash lamp (EG & G.
model 108FXAU) through the UV-grade fused

silica window embedded in the upper cell flange.

The light pulse lasts l9 prs. Details on the prop-
erties and performance of such an emitter have been

already described elsewhere [12].
The lower electrode is a multiple-collector as-

sembly. It rests on a PVC supporting disk and it
consists ol a central circular electrode with a

diameter of 8 mm. coaxial with the electron emitt-
ing area of the upper electrode and surrounded by
five concentric rings of increasing diameters. The
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Fig. l. Schematic drauing of the ap-
paiatus. The drilt cell is drasn to scale,
while the remaining parb are not. Mean-
ing of the lettering: K: electrical feed-
thioughs, S: PVC spacen. F: fused
silica window. D: eold-coated lused
silica disk, E: emitting electrode. C :
variable-radius collecting electrode,
H: PVC collector support. G : suard
ring. l:gas inlet. T:liquid \- cooled
active charcoal trap. D : diffusion pump.
R: roughing pump. He: Helium flask

outer diameters of these concentric electrodes are

12,20,32,60 and 80 mm, respectively. The radius of
the innermost electrode is twice as large as the radius

of the electron emitting area. The latter has been so

chosen as to have a good compromise between two

opposing requirements: a transversally narrow

charge injection in order to minimize the influence

of the lateral diffusion and a reasonably large

amount of injected electrons in order to have an

easily detectable signal.
The gap between two consecutive annuli is about

0.5 mm. These electrodes are so shaped as to com-

pletely screen the insulating support. The central

electrode is connected to the measuring electronics'

Each of the remaining electrodes may be either

shunted to ground or connected to the central

electrode. By properly connecting them it is then

possible to change the effective collector radius

without opening the cell. The outermost electrode

and the cell walls are always grounded.

The drift distance can be varied by adding

suitable spacers under the support. In our measure-

ments we have chosen two drift distances of 10 and

20 mm, thus obtaining the following R/d values set:

0.2, 0.3, 0.4, 0.5, 0.6, 0.8, 1.0, 1.5, 1.6, and 3.0.

The current pulse is integrated bi' a 10 pF

capacitor in parallel with the ceil capacitance and

with the stray wires capacitance so that the effective
integration capacitance CE depends on hon the ring
electrodes are connected and on hou iarge the drift
distance is. The value of Cp has been determined
for each electrode connection and dnft distance by
operating the drift cell under \acuum and measur-

ing the time evolution of the capacitor discharge

through the 10eQ-resistor. The measured time con-

stants ranged between 25 and 60 ms corresponding to

25 pF < CE < 60 pF. The integration time constants

are chosen much larger than ihe electron time-of-
flight (in our case = 10-10 f'st. resulting in a large

signal-to-noise ratio and a los'si*rnal distortion.
The voltage signal across the capacitor is then fed

to a non-invertin-q amplifieln'ith a gain of
100 (LF357). The amplifier output is recorded by a
storage oscilloscope (HIT-\CHI. modelVC6041)
and plotted by an X-Y recorder.

The filling gas, 99.9996iir ultra pure He at a

pressure of : 0.30 MPa rvas passed through an

active charcoal trap cooled af 71.1 K belore entering

the cell. This was flushed u'ith the gas man!' times

before making the measurements. For each elec-

G C Cetc. C G
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:roJes connection. measurements were made at
.ereral roltages to ascertain the influence of the
aitachment and diffusion processes. At the end of
the measurement cycle, the measurements with the
largest electrode were repeated to check whether the
rnpuritir content did significantly change, but no
r..ticeable effect was detected.

-ì. \umerical Calculation of the Induced Charge

* e vn'ant to calculate the time evolution of the
:.-::ges induced on the conducting plates of an
.::rlite parallel plate capacitor by a point charge
::--iiing therein. If the applied electric field is

: --istant. the method of the images is weil suited
r3.-ause! for time varying signals, the plates can

--.rih be assumed to be grounded.
.{ straightforward application of this method

.ee Fig. 2) leads to an infinite set of images of
:.iernating signs and alternating spacings [13-15].
\f:nv mathematical techniques have been devised
:r evaluate the sum of the conditionally convergent
::tìnite series for the infinite capacitor [16-19]. In

4d-x o-q

2d-x r.q

2d-x o-q

a*q

o-q

-2d- x o. q

-2d-x o-q
Fig. 2. The inlinite series ol image charges generated on the
two conducting infinite surfaces located af z:0 and z: d
by repeated reflection ol a point charge q located al z: r.
The z-axis is taken along the line of the image charges.
Closed symbols represent image charges ol the same
polarity as the inducing one. Open symbols reler to oppo-
site polarity charges.
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any case, the solution for the total charge induced
on the collector is obviously the same as the one
obtained by applying Green's reciprocation theorem
nt

In our case, however, we wili directly deal with
the infinite series which give the charge distribution
and the total induced charge.

Let us consider two infinite circular conducting
plates with a circular cylindrical coordinate system
lixed on the collector. The z-axis is the cylindrical
symmetry axis of this configuration. It is convenient
to introduce primed dimensionless variables by
scaling distances, times, and charges by the ap-
propriate relevant parameters, d: driîI space,
r: drilt time, and 4 : drifting charge. Thus, the
plates ar separated by a distance d' : l. The collect-
ing plate is at ;' : 0 and the emitting one is at
-':1. A point on the collector has the coordinates
(r',,,0.0), where p is the azimuthal angle. Let us
consider only the charge induced on a central
circular collector portion of radius R': R/d, ín-
sulated from the rest of the plate, which thus acts as

a guard ring. Let us then suppose that a unit point
charge, q' :1, is moving at constant speed towards
the collector along the symmetry axis. At time l': 0
the charge starts driftìng af z' : 1 and at time t' : I
it arrives at z':0. When the charge is at z,*- x, at
time l', the surface charge density, o', on the
collector can be easily computed (see Fig. 2) and
it is given by [9, 19]

2m- x'
o' (r'. t') :

IQ*-xt)2art213/2

2(m-1)+x
'rf2(m - l) + x'12 a rr213/2,

The total charge induced on the central disk
radius À' is simply given by

R'

Q' ft', R') : 2" I r' o' (r', t') dr'
0

2(m-l)+x'
l[2 (m - 1) +,x']2 + Rt2tt/2

2m-x'
lQm - x)z I Przlrrzl '

Both o' and Q'depend on t'through x, : | - t,

(5)

There are three interesting limits for Q' (t', R', R',),

which must be considered in order to check the

' sJ
2" ,2, I

(4)

of
z=0

-x

_$ I- 3:,1
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numerical results:

lim Q'(t', R'.; : g 
,

t'-0

lim Q' Q', R'): - I 't'-1 ó

lim Q' Q', R') :2" I r' o' (r', t') dr'
R'-m 0

for 0<
The first limit means that the electric flux ts

completely linked with the emitter as the charge

getsìtarted. The second one tells us that in absence

àf diff.tsio.t and attachment processes the whole

drifting charge reaches the collector' Finally, the

third limit means that the Green's reciprocation

theorem solution has to be recovered by the

numerical calculations relying on the images

method for an infinite collector'

Up until now, we have assumed an instantaneous

charge injection and we have neglected the attach-

ment and diffusion processes. This is not the ex-

perimental case, however. The light pulse of the

k..ron flash lamp has in fact a finite duration

(lst 9ps), so that the eiectron injection cannot be

approximated at all by a ó function' However' if the

eiectron injection has a time dependence expressed

by a functi,on 
^/(/'), 

the total induced charge on the

càilector at time /' is given by the time convolution

of 1ú (r') with Q' (t', R'):
I

QíQ" R',): I Q', lQ',- @), R',l lú(co) da) 
'n tot t'<l' (1)

Equation (7) gives also the charge stored in the

.nàasu.i.tg capacitor Q'6. For l'> I the induced

charges aie neutralized step by step by the incoming

charle, while an equal amount of charge is being

stored in the capacitor. So, for /'> I we have two

equations for the induced charge Qi and for the

stored charge Qi:
Qí: N (t' - t) Q'(1, R')

î'

+ I N((,) Q',lQ',-61),R',lda (8)
t'-1

and 
t'- j

q'r: Q'(, R') J r1a;; ac'r
0

Only Qs is directly measurable, and from now on

we will focus our attention on it. The function N(l')
can be obtained by measuring the output signal in

vacuo with a small integration constant [12]' Its form

has been interpolated by mean of the cubic splines

method [20] and it is therefore numerically avail-

able, so that the convolution integral can readily be

approximated bY a summation'
Furthermore, in real experiments the electron

diffusion and attachment processes may not be

neglected. In the mathematical scheme of the

method of the images the electron diffusion process

is not easy to be treated, for it leads to complicated

elliptical integrals. But this effect can be made small

by perlorming measurements with sufficientiy high

eiectric fields and with small electron emitting

areas, and therefore it has not been presently taken

into account. On the contrary, the attachment

process is very easy to be accounted for by the

i-ug.t method scheme because the attached elec-

troni can be assumed to remain fired on the

symmetry axis. (Negative 02 ions have indeed a

mobility: 1000 times smaller than that of the free

electrons.) Under these assumptions' the numerical

procedure to get the instantaneous total induced

charge is the following'
Fiist of all. the drift time was discretized by

dividing it into 50 subintervals placing there 51

equally spaced nodes /i , where rí :0 and ri: I'
Then Q'(ti, R') was computed for each À' and li
through (5) bV evaluating directil' the sum of the

series and also by numerically performing the in-

tegration by exploiting an adaptatir e quadrature

routine [21] based on Simpson's integration ruie as a

check. The upper oo limit of the summation index

was replaced by 200. This is justified because

o'(r',t') and Q'Q', R') converge uniformly'in r'[19]
(Weierstrass M lesf [22]) and the truncation error

turns out to be completell' negligible for our

purposes. The computed Q'Qi'R') values satisfy

.onàitiont (6.a) and (6.b). rihiie condition (6'c) is

satisfted for À' > 2.5 with great accuracy (well

within 0.2%). The Q' G',, R') values have then been

interpolated with cubic splines to allow further'

more reli ned calculations.
To evaiuate the time convolution in (7), (8), and

(9), also taking into account the attachment process

we have further divided the drift time in I : 100

subintervals. The drift distance is also discretized in

-L subintervals of amplitude h': l/L' Lef us then

(6.a)

(6 b)

:-(1-x'),

x'<1. (6.c)

t'

+ J N((/-)) Q'lU'- @), rR'ldrr-), (9)
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For m> 23, the final charge stored in the capacitor
is

ec*=etQ,>l+Í6,R,)
L: uL QL,+ tJ > ui-' ei. (13)

The first term of the r.h.s. of (13) represents the
contribution due to the charges which have effec_
tively arrived at the collector. The second one is the
contribution due to the static charges left behind in
the drift space.

del-rne -11: Lt[, wtth t'o: ts/r, as the number of
rime subintervals over which the light pulse
\ ': À (1, has a non-zero value. Let us further
define Lr: M + 1, Lr: 1 1 1, Lt: L, + L2_ l.
The attachment process is described by a fractional
charge loss which depends exponentially on the
::stance travelled by the electrons. So, if 2, is the
:.:;Iron mean free path for this process, the moving
:.--::ge is reduced by a factor (: exp (-h,/),,) at
::-.-- Step, while a corresponding fraction lj: | _ u

-- at the previous position as a static charge.
-:'ection gets started at t, : ti and stops at' : i L:. The first injected charge arrives at the

: ,:-'ior àt t' : t'7,, and at time t, : f,L, charge
:. ,:--tion is completed. Let us furthermore define
- = Q'(t'i , R') and e[= eé,Q,,R,). The function' has been normalized so that the total injected
- - =::: is unity:

:Lr
j lto, dr: I N_: t .

m:1

--: :harse stored in the capacitor is then given by
- : : - --ori'ing equations:

4. Comparison of the Experimental
and Numerical Results

The records of the voltage signals obtained with
an electric field E : Vo/d:30 V/cm are reported in
Fig.3 for the R'values with d: l cm and in Fig.4
for the R' values with d:2 cm. The maximum
voltage amplitude is different for each curve be_
cause it depends on the effective integration capac_
itance. However, the quantity CuVl^*/e I 6 x 105
electrons is constant for each R, viu;: This means
that the lateral diffusion process did not play a
relevant role. This is consistent with the predic_
tion of the maximum 

.electron beam spreading
((Zr),)r,, x (2ksTd/eE)t/2, which in o.,. ir.urrr..-
ments turns out to be of the order of 0.5 mm. much
less than the difference between the diameters of
the emitting area and of the smallest collecting
electrode. Furthermore, no space_charge effects
have been detected, because the signal ihape did
not change for a I l0 times smalter electÀn in_jection obtained by decreasing the flash lamp
intensity. The time-of-flight obtained in the mea_
surements with a drift distance of 2cm (i.e., for
the sets R':0.2,0.3, 0.5, 0.8, and 1.5) is not strictly
twice as large as the one obtained with d: l cm,
but it is I 10% larger. This difference is due to
a x 700/o pressure difference in the two runs.

The results of the numerical calculations ((10),
(ll), and (12)) are also reporred in the figures. The
calculations were performed introducing z: 9.4 ps
îor d: I cm and r : 20.5 prs for d:-2 cm. The
parameter ,ì' has been estimated to be of the order
of l0 for d: I cm and 5 for cl: 2 cm, assuming an
02 concentration of a few p.p.m. [23]. In any case! as
long as 2' is greater than unity and once ih. .u.u.
has been normalized to the appropriate final value,

t:: \.

i m- I ì

- :'-:-i-1Qk-iLNr+I um-i-lQk-,1 ,
= ,t=i .i :Lr J)'

u^-r NjQk-i*r

m -1 j
+llL am-i-1Qk_tL uo,

j=t k:l
for 7=m<Lr, (10)

:! r", iN,ek 
1+t

for L1<m<L2, (ll)
---L L1

: =r-. I v;* t x,-iNjek_1*t
:: j:n- L+l

-._

I_ '"' '-'Qk ,

- :t*, Y-m-j-t o;-i /trx| '

for L2<m<L3. 02)
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.:::: 1s no a large distortion of the cur3 s:_::i

" 
... .rrthin a few percent) owing to rhe ar:3..::-.r:

:r: ,,-ess.
I-i it can be observed, there is an aln..s: l::::;:

rr::ment between the experimentaì a:i iti
- ::puted curves. The little discrepanci b:: * e:ir
----:.i is due to the neglected electior c:il'-.isi..r
: -!-ess that tends to smooth the l-rnar ::r: ùi Ìh-
: ,.:irimental curve.

It has also to be noted that for R'> i.r :he cures
.:e practically straight lines (err-epl ar Ìhe ends.
;here the finite injection durarion does srronglr
.:lluence the signal shape). So. rhe iailLr R q" I l.i
-'an be assumed as the minimum ralue rvr coosrrùct
, god parallel-plate drilt chamber encioued rrith a

_iuard ring.
It would also be interesting ro see rlhar happens

on the guard ring when rhe charge is drilting

Fig.3. Signal shapes obtained s'irh a cirifr disrance of
I cm, an electric field of -10 \- cm. and a pressure of
:0.30 MPa ol Helium for several .R rr ialues. Continuous
curves: experimental recordines. Open circles: numerical
computation results obtained uith ::9..1 gs. lo = 9 [s. and
)"' : 10. The size ol the svmbols is sreater than the error
bar associated with the ciroice ol th1 mean free path for
the attachment process. l-'.

Fig.4. Signal shapes obtained s.ith a drift distance of
2 cm. an electric field of -10 \'/cm. and a pressure of
: 0.30 MPa ol Helium. Conrinuorrri] cun's: erperimental
recordings. Open circles: rìufilÈFlr'31 !'ompuuilion results
obtained g'ith r:10.5 ps. /,r : 9 ps. anc i.': -i.
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'.:r'"\rrdS the collector. One expects that charge is
:.so induced on the guard ring in a way that
;epends on rhe solid angle under which the guard
:.ng is seen b)' the drifting charge. So, the charge
,::u"-ed on the guard ring should increase until the
.:::Ìing charge arrives at half the way from the
:-., j3.-.or and then decrease to zero when the charge
:- :.r-lected. To test this prediction the connection of
:l: ;icrrodes has been modified by shunting to
ìrtr..lrtj the central electrode and connecting the
::nainìne ones to the measuring apparatus. The
, esullrng signal obtained with an applied field
E: 15 \','cm and a drilt distance d: i cm is
cipi.-ted in Fi_eure 5. The signal can also be numer-
:::.-r predicted by subtracting the curve calculated
:.-: R':0.i from that calculated for À':3.0 with
: : l-i. I Fs. The properly normalized computed
;lre is also shown in Figure 5. There is a nearly
ririect a_qreement between the two curves.

5. Conclusions

\\'hen performing electron drift velocity mea-
surements in parallel plate chambers, one is faced
nith the problem to extract the electron drift time
tiom the time evolution of the charges induced on
the collector. If one could work with an ideal
indefinitely large cell, there were no problems: if
the electrons drift at constant speed, the recorded
sienal has a linear time dependence and the drift
time can be accurately determined.

Horvever, this ideal situation does never occur in
the actual experimental arrangements, where the
drift cells have finite dimensions. So, one has to
take into account the edge effects and to try to
minimize them. To perform this job, it is necessary
to know how the induced charges are distributed on
the collector. Once the charge distribution is known,
the total charge induced on collectors of different
size can be computed and the waveform recorded
during the electron motion can be numerically
predicted. These numerical predictions have been
experimentally confirmed by recording the signal
shape obtained operating a drift cell of suitably
variable geometry.

From our numerical and experimental results it
can be also deduced that the rafio R/d of the cell
configuration should be at least x2, in order to
have almost perfectly linear signals from which the

4{ì
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electrons drift time can be accurately determined.
For lower R/d values the finite size of the collector
strongly affects the signal shape, even preventing
any determination of the drift time. It is therefore
necessary to design parallel plate drift chambers in
such a way that that lower bound on R/d is
satisfied.

One must, however, be aware of the great im-
portance to have in any case a guard ring surround-
ing the collector and separating it enough from the
lateral walls of the cell in which the electrodes are
contained. In fact, in our calculations we have
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